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Abstract
The water levels and water quality obtained from open borehole wells in fractured bedrock are flow weighted averages that are a function of the hydraulic heads and transmissivities of water contributing fractures, which are rarely known. Without such knowledge using water levels and water quality data form fractured bedrock wells to assess contaminant conditions can be highly misleading. This study demonstrates a cost effective single packer fracture characterization method that can be used in fractured bedrock to determine the hydraulic heads and transmissivities of individual fracture zones. The method entails inflating a pipe plug to isolate sections of an open borehole at different depths and monitoring changes in water level with time. At each depth, the change in water level with time was used to determine the sum of fracture transmissivities above the packer and then to solve for individual fracture transmissivity. Steady state heads along with the transmissivities were used to determine fracture heads by solving for individual heads using the weighted average head equation. The method was tested in five wells in crystalline bedrock located at the University of Connecticut in Storrs.
The wells had been previously logged with both conventional logging methods and the dissolved oxygen alteration method. The single packer head and transmissivity results were found to agree with borehole flow conditions determine by these other methods.
Introduction
Groundwater flow and contamination in fractured crystalline rock is often localized to a number of main fractures. The identification and properties of these main fractures are critical since they control the flow of groundwater as well as the transport of solutes in the subsurface (Le Borgne et al. 2007 ).
In a groundwater system, water elevation is a measure of energy known as hydraulic head, where flow is directed from a point of high hydraulic head to a point of low hydraulic head. In a fractured rock well, the water level in the well bore under ambient conditions is a weighted average of the intersecting fractures heads, weighted with respect to their transmissivity values as shown in Equation 1 (Sokol, 1963) . based on these types of sampling can be highly misleading owing to averaging effects (Metcalf and Robbins, 2014) . By isolating discrete sections of the well for methods of characterization and sampling, the effects of an open borehole on hydraulic and chemical data are eliminated (Shapiro, 2001 ). As such, the development of a conceptual model of groundwater flow and solute transport in such a system requires each fracture (or fracture zone) hydraulic head to be characterized individually.
Advancements in borehole logging and tracer testing techniques have enabled researchers to comprehend the complex nature of groundwater flow and solute transport through fractures in the subsurface (Johnson et al., 2005) . The United States Geological Survey (USGS) "Total Toolbox" is an approach most commonly used to characterizing groundwater flow in fractured rock (Haeni, 2000) . This approach integrates geologic, hydrologic, and geochemical data with borehole-geophysical analysis. However, these methods can be expensive, time consuming, and technically challenging. Thus, they are generally only deployed when there is substantial funding available. Johnson et al. (2005) conducted a study in cooperation with the U.S. Geological Survey and the University of Connecticut illustrating the application of the "Total Toolbox" approach for data accumulated from 1992-2002. A suite of methods were used to characterize the hydrogeology of a fractured-rock aquifer near a former landfill and chemical-waste disposal pit to determine head and transmissivity of individual fracture zones (Johnson et al., 2015) . Utilizing the "Total Toobox" approach, the depth of discrete water contributing fracture zones were determined by borehole logging and heat pulse flow meter testing. The identified discrete fracture intervals of open boreholes were isolated using the BAT 3 straddle-packer apparatus which can simultaneously obtain hydraulic properties and conduct fluid-withdrawal tests. The can worsen the degree of contamination at a site and confuse the hydrochemical conditions being investigated (Keller et al., 2013) . A method which utilizes the use of FLUTe TM borehole liners for continuous transmissivity profiling in fractured rock was developed by Keller et al. (2013) .
This method involves filling the flexible borehole liner with water to create a constant driving head to evert (reverse of invert) the liner down the borehole so that the liner pushes the borehole water out into transmissive fractures or other permeable features. As the everting liner passes and seals each permeable feature, changes in the liner velocity indicate the position of each feature and an estimate of transmissivity is calculated using the Thiem equation for steady radial flow (Keller et al., 2013) . Once at the bottom of the borehole, the liner acts as a seal to prevent borehole cross connections between fractures at different depths and removal of the liner can be used for other investigative purposes. The transmissivity values determined using the linear profiling method was found to be comparable to the values obtained by conventional straddle packer tests (Keller et al., 2013) . Keller et al. (2013) found this method to be an effective and efficient for scanning entire boreholes for transmissive features, where profiling commonly takes only a few hours.
FLUTe TM flexible liner method (linear profiling) was also utilized in a study conducted by Quinn et al. (2015) in densely fractured rock boreholes. Typical fractured rock investigations require time consuming borehole interval testing; however, this study highlights the combined use of high resolution hydraulic tests using straddle packers and the FLUTe TM flexible liner method to be efficient methods for determining the vertical distribution of transmissivity along entire boreholes. This combined approach of liner profiling and straddle packer testing is a refinement of the DFN approach described earlier by Parker et al. (2012) , which utilizes data generated from the DFN approach to maximize efficiency of collecting depth-discrete hydraulic data representative of the entire borehole. Quinn et al. (2015) found that because of the timeconsuming aspect of this multiple test method, to maximize efficiency, straddle packer testing should be focused on priority zones selected by prior borehole data, with emphasis on the liner transmissivity profile. The methods outlined in this study have different investigative values and when used in combination can diminish their individual deficiencies.
As cited above the main drawbacks of previous methods for fractured bedrock well characterization are cost and complexity. The main objective of this research is the development of a low-cost, simplified method for characterizing the hydraulic head and transmissivity of water contributing fractures that intersect wells in fractured crystalline bedrock. Figure 1 shows an ideal cross section of a well in fractured crystalline bedrock that is intersected by two fractures that supply water to the well and one discharging fracture. Under static conditions the water level in the well, hw, is a weighted average as shown in Equation 1. In addition, when more than one fracture intersects a well, the well's total transmissivity T(total) is equal to the sum of all the fracture transmissivities (Equation 2).
Conceptual Methodology
A single inflatable plumber's test ball plug is then lowered down the well to depth B. A pressure transducer is also lowered and positioned at depth A. The packer is then inflated to isolate fracture 1, accept for a small change due to packer expansion, the water level will rise since this is an inflowing fracture to h1, as seen in Figure 2 . The rate of water level rise can be analyzed using a slug test solution for determining the transmissivity of fracture 1, T1. The packer is then deflated, the water level allowed to recover to the static level and then the packer is positioned at the next test depth.
At depth C, after the packer is inflated, the water level will rise to a weighted average head h(1-2) determined by Equation 3, as seen in Figure 3 . The rate of rise can be analyzed as a slug test to determine T(1-2). Given T1, T2 can simply be found by solving Equation 4. Given T2, Equation 3 can be rearranged to Equation 5 and solved for h2.
Where:
T(1-2) = Transmissivity of combined Fractures 1 and 2
At depth D, after the packer is inflated the water level should be equal to the static level, as seen in Figure 4 . Hence Equation 1 applies. A full well slug in test is then initiated raising the head. The test is analyzed like the previous tests to determine T(total) . The transmissivity of facture 3, T3, is determined using Equation 6. Given T3, Equation 1 can be rearranged to Equation 7 to determine h3.
T(total) = Total well's transmissivity ℎ3 = ℎ( ) * ( 1 + 2 + 3) − (ℎ1 1) − (ℎ2 2) 3
Methodology

Study Sites
The above conceptual methodology was applied at two study sites at the University of Connecticut in Storrs. Figure 5 The two study sites are underlain by Hebron Gneiss (Figure 6 ). The formation is described as
Ordovician aged, interlayered dark-grey, medium to coarse grained schist and greenish-grey fine to medium grained cal-silicate gneissic rock (Rogers, 1985) . The bedrock at both sites is overlain by glacial till and fill.
Beach Hall -SIMA 1 & SIMA 2
The location of the two bedrock wells tested on campus at Beach Hall, SIMA 1 and Completion reports for the wells are included in Appendix A.
Field Methods
The results of borehole geophysical investigations (Cagle, 2005; Phillips, 2016) and the application of the dissolved oxygen alteration method (Chlebica and Robbins, 2013; Vitale, 2016) conducted previously on the test wells were reviewed to determine: (1) the depths of water transmissive fractures; (2) the direction of borehole flow; and (3) the relative transmissivities.
Discrete fracture intervals of the selected boreholes were isolated using a single Cherne®
Multi-Sized Test-Ball, Part Number: 275048, 4" -6", Cost: $140.00 USD (Figure 9 ). The test The packer was slightly inflated to 10 psi to help facilitate lowering it down the borehole.
Once at the required depth, the packer was inflated with compressed air, and left in place until the water level rose or fell to a steady state head. The pressure required to fully seal the borehole was calculated using Equation 8. Periodically the pressure in the packer line was monitored using a high sensitivity gauge connected to the regulator to verify the packer maintained a seal. Zones of lower transmissivity require longer periods of time to equilibrate where the packer was sealed in place overnight.
Once the pressure readings reached steady state, the packer was deflated and lowered to another test interval. After each identified fracture zone was tested, a slug-in test was conducted without the packer in the well to determine the wellbore's total transmissivity. This method involves the addition of a slug of water to the wellbore, raising the head ~1.52 m., and monitoring the fall of the water level with time.
Head and Transmissivity Analysis
The recovery data recorded on the pressure transducer for each test was analyzed to determine the stable hydraulic head for the depth interval above the packer. This was conducted by plotting the water pressure vs. time. An example of the water displacement plot is shown in Figure 10 . The water displacement data was subtracted (if pressure rose) or added (if pressure declined) from the initial pressure reading to obtain the differential head of the zone above the packer. The steady state differential head was added or subtracted from the well head before packer inflation to determine the head of the fracture zone. The heads were then processed using the approach discussed in the conceptual model. Surface elevations that were not previously recorded were surveyed and measured to the nearest 0.01 foot, referenced to mean sea level.
Depth to water readings were relative to ground surface and were adjusted by subtracting the casing height above ground surface.
Using the computer program AQTESOLV TM , fracture transmissivity was determined for each hydraulically active fracture. Using the solution by Cooper-Bredehoeft-Papadopulos (1967) for non-leaky confined aquifers, the analysis involved matching a type-curve to water-level displacement data for an overdamped slug test (Figure 11 ).
Results and Discussion
Beach Hall -SIMA 1 & SIMA 2 Table 1 lists the water transmissive fractures identified in SIMA 1 and SIMA 2 by previous studies conducted by Cagle (2005) and Vitale (2017) . The televiewer logs were used to determine the orientation of fractures and foliation. In general, the fractures in SIMA 1 have a relatively shallow dip angle with a north-northeasterly azimuth or are orientated relatively horizontal (Cagle, 2005) . However, one large fracture located at 39 m has a dip angle of 79 degrees southward and potentially connects to the shallow zone of fractures from 10 -42 m outside of the well boring.
To determine the hydraulic heads and transmissivities of the fractures, the packer was placed below the fracture depths listed in Table for had a relative head of -8.5 m from static hw. The large head differences amongst the fractures in this well may be related to their dip. The steeply dipping fracture is likely recharged from the overburden close to the well location but discharges to the overburden further downhill than the sub-horizontal fractures resulting in a lower head. Given the orientation of the sub-vertical fractures, they would likely be recharged further uphill than the steeply dipping fracture resulting in a higher head. The static well head of SIMA 2 had an elevation of 179.88 m, which resulted in a head difference of 4.46 m from SIMA 1. These wells are known to be hydraulically connected based on observed drawdown in pumping tests (Cagle, 2005) and studies using the dissolved oxygen alteration method (Vitale and Robbins, 2015) . The latter showed that the fracture at 16.5 m in SIMA 1 was connected to the 13.1 m fracture in SIMA 2. The wells are spaced 27 m apart.
Using the hw elevations, the apparent hydraulic gradient between SIMA 1 and SIMA 2 is 0.28 m.
However, the calculated apparent gradient based on the heads in the interconnected fractures was only 0.05 m, indicating a significant difference in flow rate. Table 4 lists the transmissive fractures identified in BGAS 1, BGAS 2, and BGAS 3 based on recent geophysical borehole logging (Phillips, 2016) and tracer studies (Brainerd and Robbins, 2004; Vitale, 2016) . Figure 14 illustrates a hydraulic profile of BGAS 1 and Table 5 lists Table 6 lists the transmissive fractures identified with their corresponding head elevations and transmissivities in BGAS 2. Figure 15 illustrates the hydraulic profile of BGAS 2. Review of dissolved oxygen alteration method profiles (Vitale, 2016) suggest that water in the open borehole under ambient conditions is stagnant. However, two inflowing fractures were identified at depths of 15.2 m and 33.5 m from DO tracer profiles under pumping conditions (Vitale, 2016) which were isolated and sealed with the packer. The obtained head recovery data from the two fractures resulted in minimal head change from the static water level elevation, but could not be used to accurately obtain individual fracture transmissivity.
UConn Depot Campus, BGAS 1, BGAS 2, BGAS 3
In addition, a total well transmissivity value (2.8 x 10 -4 m 2 /sec) obtained from the slug test confirmed the presence of a highly transmissive fracture at depth. DO profiles (Vitale, 2016) revealed the presence of fracture at a depth of 132.6 m, depicted by a large dilution in dissolved oxygen. However, the 132.6 m fracture was suggested to be an inflowing fracture under ambient conditions, where the calculated head values imply a highly transmissive outflowing fracture somewhere at a depth below 33.5 m. Table 7 
Limitations & Possible Sources of Error
Since each fracture hydraulic head was calculated from the results of the previous test interval, the fluctuation of static water levels from day to day influence the calculations of fracture head and transmissivity. Hydraulic heads vary in response to recharge, pumping, evapotranspiration, barometric pressure, and tidal forces (Johnson et al., 2005) . However, since each depth interval in this study were run for a maximum of roughly 24 hours, only small variations in static water level were observed. By using an average of the static water levels between testing intervals in calculations this effect can be diminished.
Another potential source of error in this method is packer failure and pressure system leakage. Deep fractures require additional air hosing for the packer to be inflated at such depths; therefore, adding more connections could be a source for air leakages. Packer inflations were checked and water levels monitored during the testing interval to ensure a full seal.
For fractures with head elevations nearly identical to the static well head elevation, the water level displacement was so minimal and the data would not be used to accurately determine the transmissivity of the fracture or fracture interval. In order to do so different configurations of the packer apparatus would be required. In this case, it is suggested to seal off a fracture or interval of fractures and conduct a slug test while the borehole is sealed at a discrete depth to obtain a more accurate fracture transmissivity.
Conclusion
This study demonstrates that a cost-effective, simplified single packer fracture characterization method can be used to confirm the presence and depths of water transmissive fracture zones and to determine fracture transmissivity and hydraulic head. 
